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1
SEMICONDUCTOR DEVICE AND METHOD
FOR DRIVING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device
and a driving method thereof.

2. Description of the Related Art

Much attention has been focused on a semiconductor
device that retains data by using a combination of a transistor
in which silicon (Si) is used for a semiconductor layer includ-
ing a channel formation region (Si transistor) and a transistor
in which an oxide semiconductor (OS) is used for a semicon-
ductor layer including a channel formation region (OS tran-
sistor) (see Patent Document 1). Moreover, a semiconductor
device that retains data with a combination of'an OS transistor
and a capacitor has attracted attention (see Patent Document
2).

REFERENCE

Patent Document 1: Japanese Published Patent Application
No. 2011-119675

Patent Document 2: Japanese Published Patent Application
No. 2012-256820

SUMMARY OF THE INVENTION

Downsizing of Si transistors is effective in improving the
performance of a semiconductor device. However, downsiz-
ing of Si transistors results in thinner gate insulating films,
thereby posing a problem of leakage current through a gate
insulating film. For this reason, when a node for holding
charge is connected to a gate of a Si transistor as in the
semiconductor device in Patent Document 1, charge accumu-
lated at the node leaks through a gate insulating film of the Si
transistor. Thus, in a semiconductor device that retains data
by using the feature of the OS transistor of low off-state
leakage current (off-state current), charge retention charac-
teristics of the node deteriorate.

In a semiconductor device that retains data with a combi-
nation of an OS transistor and a capacitor, the speed of read-
ing data from a memory cell depends on the driving capability
of'the OS transistor because data is directly read through the
OS transistor. For this reason, the semiconductor device does
not benefit from the improvement in the driving capability
due to downsizing of Si transistors.

In view of the above, an object of one embodiment of the
present invention is to provide a novel-structured semicon-
ductor device with excellent charge retention characteristics
of'a node for holding charge. Another object of one embodi-
ment of the present invention is to provide a novel-structured
semiconductor device with fast data reading from a memory
cell.

Note that the descriptions of these objects do not disturb the
existence of other objects. In one embodiment of the present
invention, there is no need to achieve all the objects. Objects
other than the above objects will be apparent from and can be
derived from the description of the specification, the draw-
ings, the claims, and the like.

A memory cell of one embodiment of the present invention
is composed of a first OS transistor (also referred to as first
transistor), a second OS transistor (also referred to as second
transistor), a Si transistor (also referred to as third transistor),
a first capacitor, and a second capacitor. One of a source and
a drain of the first OS transistor is connected to a gate of the
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2

second OS transistor and one electrode of the first capacitor.
One of a source and a drain of the second OS transistor is
connected to one electrode of the second capacitor and one of
a source and a drain ofthe Si transistor. The gate of the second
OS ftransistor serves as a node for retaining charge (charge
retention node). Charge injection into the charge retention
node and charge retention at this node are controlled by the
first OS transistor, and a potential corresponding to write data
is stored at the charge retention node. The other of the source
and the drain of the second OS transistor is connected to a
wiring for applying a high potential, and a potential of the
second capacitor that corresponds to the write data is main-
tained. Then, a signal corresponding to the write data is read
by the Si transistor.

Although the Si transistor and the second capacitor in the
above structure are similar to components in a DRAM cell,
refresh operation is not necessary because charge is injected
through the second OS transistor even if the potential of the
second capacitor is changed during data retention or data
reading. Furthermore, downsizing of the Si transistor results
in higher read speed. A semiconductor device with excellent
charge retention characteristics is obtained when the first OS
transistor is a transistor with ultra-low off-state current and
the second OS transistor is a transistor with ultra-low gate
leakage current, specifically, a transistor including a suffi-
ciently thick gate insulating film.

One embodiment of the present invention is a semiconduc-
tor device including first to third transistors and first and
second capacitors. One of a source and a drain of the first
transistor is electrically connected to a write data line. A gate
of'the first transistor is electrically connected to a write selec-
tion line. One of a source and a drain of the second transistor
is electrically connected to a wiring applying a constant
potential. A gate of the second transistor is electrically con-
nected to the other of the source and the drain of the first
transistor. One electrode of the first capacitor is electrically
connected to the other of the source and the drain of the first
transistor and the gate of the second transistor. The other
electrode of the first capacitor is electrically connected to a
ground line. One electrode of the second capacitor is electri-
cally connected to the other of the source and the drain of the
second transistor. The other electrode of the second capacitor
is electrically connected to the ground line. A gate of the third
transistor is electrically connected to a read selection line.
One of a source and a drain of the third transistor is electri-
cally connected to the other of the source and the drain of the
second transistor. The other of the source and the drain of the
third transistor is electrically connected to a read data line.
The first transistor includes a semiconductor layer containing
an oxide semiconductor. The third transistor includes a semi-
conductor layer containing single crystal silicon. The thick-
ness of a gate insulating film of the second transistor is larger
than that of a gate insulating film of the third transistor.

In the semiconductor device of one embodiment of the
present invention, the first capacitor and the second capacitor
are preferably provided in one layer.

In the semiconductor device of one embodiment of the
present invention, the second transistor preferably includes a
semiconductor layer that contains silicon and is provided in a
layer different from the semiconductor layer of the third
transistor.

In the semiconductor device of one embodiment of the
present invention, the second transistor preferably includes a
semiconductor layer containing an oxide semiconductor.

In the semiconductor device of one embodiment of the
present invention, the first transistor and the second transistor
are preferably provided in one layer.
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One embodiment of the present invention is a method for
driving a semiconductor device including the following steps.
In a first step, a first transistor is turned on, data at one of a
source and a drain of the first transistor is written into a first
node connected to the other of the source and the drain of the
first transistor, and then the first transistor is turned off so that
the data is stored at the first node. In a second step, the
conduction state of a second transistor whose gate is electri-
cally connected to the first node is controlled in accordance
with the data, and whether a potential of a wiring connected to
one of a source and a drain of the second transistor is applied
to a second node connected to the other of the source and the
drain of the second transistor or not is controlled so that a read
potential corresponding to the data is held at the second node.
In a third step, a third transistor electrically connected to the
second node is turned on to electrically connect the second
node and a read data line in an electrically floating state, and
a changed potential of the read data line is read. In a fourth
step, the third transistor is turned off, and the conduction state
of the second transistor is controlled in accordance with the
data to restore the read potential changed by electrically con-
necting the second node and the read data line.

In the method for driving a semiconductor device in one
embodiment of the present invention, the read potential held
at the second node is preferably a potential that is applied
through the second transistor and applied through the third
transistor in an on state at the same time.

In the method for driving a semiconductor device in one
embodiment of the present invention, the read data line is
brought into an electrically floating state by setting a potential
of the read data line at L level.

One embodiment of the present invention can provide a
novel-structured semiconductor device with excellent charge
retention characteristics of a node for holding charge. Fur-
thermore, one embodiment of the present invention can pro-
vide a novel-structured semiconductor device with fast data
reading from a memory cell.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings,

FIG. 1 is a circuit diagram of one embodiment of the
present invention;

FIGS. 2A and 2B are timing charts of one embodiment of
the present invention;

FIGS. 3A and 3B are timing charts of one embodiment of
the present invention;

FIG. 4 is a circuit diagram of one embodiment of the
present invention;

FIG. 5 is a timing chart of one embodiment of the present
invention;

FIG. 6 is a circuit diagram of one embodiment of the
present invention;

FIGS. 7A and 7B are circuit diagrams of one embodiment
of the present invention;

FIG. 8 is ablock diagram of one embodiment of the present
invention;

FIG.9is ablock diagram of one embodiment of the present
invention;

FIG. 10 is a block diagram of one embodiment of the
present invention;

FIG. 11 is a block diagram of one embodiment of the
present invention;

FIG. 12 is a block diagram of one embodiment of the
present invention;

FIG. 13 is a cross-sectional view of one embodiment of the
present invention;
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FIG. 14A is a flowchart showing fabrication steps of a
semiconductor device, and FIG. 14B is a perspective sche-
matic view of the semiconductor device; and

FIGS. 15A to 15E each illustrate an electronic device
including a semiconductor device.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments will be described below with reference to the
drawings. Note that the embodiments can be implemented
with various modes, and it will be readily appreciated by
those skilled in the art that modes and details can be changed
in various ways without departing from the spirit and scope of
the present invention. Thus, the present invention should not
be interpreted as being limited to the following description of
the embodiments. Note that in structures of the present inven-
tion described below, reference numerals denoting the same
portions are used in common in different drawings.

In the drawings, the size, the layer thickness, or the region
is exaggerated for clarity in some cases. Therefore, embodi-
ments of the present invention are not limited to such a scale.
Note that the drawings are schematic views showing ideal
examples, and embodiments of the present invention are not
limited to shapes or values shown in the drawings. For
example, variation in signal, voltage, or current due to noise
or difference in timing can be included.

In this specification and the like, a transistor is an element
having at least three terminals: a gate, a drain, and a source.
The transistor has a channel region between the drain (a drain
terminal, a drain region, or a drain electrode) and the source (a
source terminal, a source region, or a source electrode), and
current can flow through the drain, the channel region, and the
source.

Here, since the source and the drain of the transistor may
change depending on the structure, operating conditions, and
the like of the transistor, it is difficult to define which is a
source or a drain. Thus, it is possible that a portion function-
ing as the source and a portion functioning as the drain are not
called a source and a drain, and that one of the source and the
drain is referred to as a first electrode and the other is referred
to as a second electrode.

In this specification and the like, ordinal numbers such as
first, second, and third are used to avoid confusion among
components, and thus do not limit the number of the compo-
nents.

In this specification and the like, the expression “A and B
are connected” means the case where A and B are electrically
connected to each other in addition to the case where A and B
are directly connected to each other. Here, the expression “A
and B are electrically connected” means the case where elec-
tric signals can be transmitted and received between A and B
when an object having any electric action exists between A
and B.

In this specification and the like, terms for explaining
arrangement, such as “over” and “under”, are used for con-
venience to describe the positional relation between compo-
nents with reference to drawings. Furthermore, the positional
relation between components is changed as appropriate in
accordance with a direction in which each component is
described. Thus, there is no limitation on terms used in this
specification, and description can be made as appropriate
depending on the situation.

Inthis specification and the like, the layout of circuit blocks
in a drawing specifies the positional relation for description.
Thus, even when a drawing shows that different functions are
achieved in different circuit blocks, an actual circuit block
may be configured so that the different functions are achieved
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in the same circuit or region. In addition, the function of each
circuit block in a drawing is specified for description. Thus,
even when one circuit block is illustrated, an actual circuit or
region may be configured so that processing which is shown
as being performed in the one circuit block is performed in a
plurality of circuit blocks.

In this specification and the like, voltage often refers to a
difference between a given potential and a reference potential
(e.g., a ground potential). Accordingly, voltage, potential, and
potential difference can also be referred to as potential, volt-
age, and voltage difference, respectively. Note that voltage
refers to a difference between potentials of two points, and
potential refers to electrostatic energy (electric potential
energy) of a unit charge at a given point in an electrostatic
field.

In this specification and the like, the term “parallel” indi-
cates that the angle formed between two straight lines ranges
from -10° to 10°, and accordingly also includes the case
where the angle ranges from —5°to 5°. The term “perpendicu-
lar” indicates that the angle formed between two straight lines
ranges from 80° to 100°, and accordingly also includes the
case where the angle ranges from 85° to 95°.

In this specification and the like, the trigonal and rhombo-
hedral crystal systems are included in the hexagonal crystal
system.

Embodiment 1

In this embodiment, a circuit structure and operation of a
semiconductor device will be described.

Note that a semiconductor device refers to a device includ-
ing a semiconductor element. The semiconductor device
includes a driver circuit for driving a circuit including a semi-
conductor element, for example. Note that the semiconductor
device may include a driver circuit, a power supply circuit, or
the like provided over another substrate, in addition to a
memory cell.

FIG. 1 is a circuit diagram illustrating an example of a
memory cell MC included in a semiconductor device. In an
actual semiconductor device, memory cells MC are arranged
in a matrix.

First, components included in the memory cell MC will be
described.

The memory cell MC illustrated in FIG. 1 includes a tran-
sistor Trl, a transistor Tr2, a transistor Tr3, a capacitor Cpl,
and a capacitor Cp2. Note that the transistors Trl to Tr3 are
n-channel transistors in FIG. 1. In FIG. 1, a circuit portion
constituted by the transistor Trl, the transistor Tr2, and the
capacitor Cpl includes a node for retaining charge (charge
retention node).

The transistor Trl has a function of controlling writing of
data into the charge retention node in accordance with a write
selection signal. A gate of the transistor Tr1 is connected to a
write selection line WG for applying a write selection signal.
One of a source and a drain of the transistor Tr1 is connected
to a write data line WD for applying data.

The transistor Tr2 has a function of controlling charge and
discharge of a node used for data reading (data reading node)
in accordance with a potential corresponding to data written
into the charge retention node. A gate of the transistor Tr2 is
connected to the other of the source and the drain of the
transistor Trl and one electrode of the capacitor Cpl. One of
a source and a drain of the transistor Tr2 is connected to a
wiring VS for applying a constant potential. Note that the
charge retention node, where the other of the source and the
drain of the transistor Trl, the gate of the transistor Tr2, and
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the one electrode of the capacitor Cpl are connected, is here-
inafter referred to as a node N1.

The transistor Tr3 has a function of controlling reading of
a potential corresponding to data (a read potential) from the
data reading node in accordance with a read selection signal
when the transistor Tr2 is on. A gate of the transistor Tr3 is
connected to a read selection line RG for applying a read
selection signal. One of a source and a drain of the transistor
Tr3 is connected to the other of the source and the drain of the
transistor Tr2 and one electrode of the capacitor Cp2. The
other of the source and the drain of the transistor Tr3 is
connected to a read data line RD supplied with a voltage for
reading data. Note that the data reading node, where the other
of'the source and the drain of the transistor Tr2, the one ofthe
source and the drain of the transistor Tr3, and the one elec-
trode of the capacitor Cp2 are connected, is hereinafter
referred to as a node N2.

The capacitor Cp1 has a function of holding a potential of
the node N1. The one electrode of the capacitor Cpl is con-
nected to the node N1. The other electrode of the capacitor
Cpl is connected to a ground line. Note that the other elec-
trode of the capacitor Cpl only needs to be connected to a
wiring at a constant potential and is not necessarily connected
to a ground line.

The capacitance of the capacitor Cpl needs to be large
enough to prevent a potential change accompanied by charge
transfer at the node N1. Thus, the use of the parasitic capaci-
tance of the node N1 or the gate capacitance of the transistor
Tr2 allows omission of the capacitor Cpl in some cases.

The capacitor Cp2 has a function of holding a potential of
the node N2. The one electrode of the capacitor Cp2 is con-
nected to the node N2. The other electrode of the capacitor
Cp2 is connected to a ground line. Note that the other elec-
trode of the capacitor Cp2 only needs to be connected to a
wiring at a constant potential and is not necessarily connected
to a ground line.

The capacitance of the capacitor Cp2 needs to be large
enough to read data by a change in the potential of the read
dataline RD due to the capacitance of the node N2 when data
is read through the read data line RD. Thus, the use of the
parasitic capacitance of the node N2 allows omission of the
capacitor Cp2 in some cases.

For description, the name of a signal line, such as the write
selection line WG, the read selection line RG, the write data
line WD, or the read data line RD, is a combination of some
functions of the signal line. Functions of each signal line are
not limited by its name. Note that the write selection line WG,
the read selection line RG, the write data line WD, and the
read data line RD can be simply referred to as a signal line in
this specification.

A write selection signal applied to the write selection line
WG is a signal for controlling the on/off state of the transistor
Trl. In the case where the transistor Trl is an n-channel
transistor, the transistor Trl is turned on when the write selec-
tion signal is at H level and is turned off when the write
selection signal is at L. level. When the transistor Tr1 is turned
on, the potential of one of the source and the drain of the
transistor Trl (the potential of the write data line WD) is
applied to the other of the source and the drain of the transistor
Trl (the node N1). Note that a potential written into the node
N1 is sometimes lower than the potential of the write data line
WD by the threshold voltage of the transistor Trl. For this
reason, it is preferable that the H-level potential of the write
selection signal be previously set higher than a potential
applied to the write data line WD.

Data applied to the write data line WD is data to be stored
at the node N1. For example, when 1-bit data is stored at the
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node N1, an L-level potential is stored as data “0” and an
H-level potential is stored as data “1”.

The node N1 is a node for holding a potential correspond-
ing to data applied to the write data line WD. The node N1 can
store data corresponding to the held potential because the
potential change accompanied by charge transfer is made as
small as possible. At the node N1, the potential change
accompanied by charge transfer is made as small as possible
by reducing leakage current through the transistor Trl and a
gate insulating film of the transistor Tr2; thus, the node N1 can
store data corresponding to the held potential.

The wiring VS for applying a constant potential is supplied
with a potential for charging and discharging the node N2, in
accordance with a change in the conduction state of the tran-
sistor Tr2. For example, the wiring VS is supplied with an
H-level potential.

A read selection signal applied to the read selection line RG
is a signal for controlling the on/off state of the transistor Tr3.
Specifically, in the case where the transistor Tr3 is an n-chan-
nel transistor, the transistor Tr3 is turned on when the read
selection signal is at H level, and is turned off when the read
selection signal is at L level.

The node N2 is capable of maintaining a read potential. A
read potential is supplied through the read data line RD when
the transistor Tr3 is turned on. By turning on the transistor
Tr3, an H-level or L-level potential corresponding to data
applied to the read data line RD is supplied to the node N2,
whereby data can be written.

The node N2 can store a read potential, which is a potential
corresponding to data, by utilizing switching of the on/off
state of the transistor Tr2 depending on the potential of the
node N1 when the transistor Tr3 is off. For example, when the
potential of the node N1 is at H level, the transistor Tr2 is
turned on, and the H-level potential of the wiring VS for
applying a constant potential is supplied to the node N2 as a
read potential. On the other hand, when the potential of the
node N1 is at L level, the transistor Tr2 is turned off, and an
L-level potential applied from the read data line RD through
the transistor Tr3 in advance is supplied to the node N2 as a
read potential.

The read potential of the node N2 can be read through the
read data line RD by turning on the transistor Tr3. Data can be
read by using changes in the potentials of the read data line
RD and the node N2 due to capacitive coupling between
parasitic capacitance of the read data line RD and the capaci-
tor Cp2 when the transistor Tr3 is turned on.

To read the read potential of the node N2 through the read
data line RD, the read data line RD needs to be supplied with
a potential in advance to be electrically floating. A specific
example of a potential applied to the read data line RD is an
L-level potential, a ground potential, or a precharge potential.

Note that the potential of the node N2 that is changed by
data reading can be restored to the original potential in accor-
dance with the potential ofthe node N1. Specifically, when an
H-level potential of the node N2 is decreased by data reading,
the transistor Tr2 is turned on because the potential of the
node N1 is at H level, and the H-level potential of the wiring
VS is applied to the node N2; thus, the potential of the node
N2 can be restored to the original H-level potential. When the
potential of the node N2 is at L level, it is preferable to take
measures to prevent a change in the potential of the node N2
due to data reading. For example, at the time of data reading,
an L-level potential is applied as a potential for making the
read data line RD electrically floating.

Note that when a read potential is an H-level potential, the
potential of the node N2 is decreased by leakage current of the
capacitor Cp2, leakage current between the source and the
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drain of the transistor Tr3, or the like. However, when data
stored in the memory cell is data ““1”, that is, when the poten-
tial of the node N1 is at H level, the transistor Tr2 is turned on;
consequently, charge compensating for a decrease in the
potential of the node N2 is supplied through the transistor Tr2,
and the potential of the node N2 can be kept constant.

The above is the description of the components in the
memory cell MC.

With the structure illustrated in FIG. 1, a potential corre-
sponding to data is held at the node N1, so that the memory
cell MC can store the data. Furthermore, a read potential of
the node N2 can be held in accordance with the data. Data
applied to the write data line WD is written into the node N1
by turning on the transistor Trl. Moreover, by turning off the
transistor Trl, the potential can be held at the node N1 for a
long time, whereby the memory cell MC can store data.

To prevent a potential change accompanied by charge
transfer at the node N1 and retain data for a long time, the
following two features are required: one is extremely low
leakage current between the source and the drain of the tran-
sistor Trl, and the other is extremely low leakage current
through a gate insulating film of the transistor Tr2.

To prevent a potential change accompanied by charge
transfer at the node N1, the transistor Trl is preferably a
transistor with extremely low leakage current between its
source and drain. Here, low leakage current means that a
normalized leakage current per micrometer in channel width
at room temperature is 10 zA/um or lower. Since leakage
current is preferably as low as possible, the normalized leak-
age current is preferably 1 zA/um or lower, more preferably
10 yA/um or lower, still more preferably 1 yA/um or lower.
Note that a voltage between the source and the drain in this
case is, for example, approximately 0.1 V, 5V, or 10 V. An
example of a transistor with extremely low leakage current
between its source and drain is a transistor in which a channel
is formed in an oxide semiconductor.

To prevent a potential change accompanied by charge
transfer at the node N1, the transistor Tr2 is preferably a
transistor with extremely low leakage current through a gate
insulating film. The leakage current through the gate insulat-
ing film of the transistor Tr2 is preferably as low as the
leakage current between the source and the drain of the tran-
sistor Tr1.

The leakage current of the transistor Tr2 through the gate
insulating film is preferably 10 yA or lower, more preferably
1 yA or lower to prevent a potential change accompanied by
charge transfer at the node N1. To achieve such leakage
current, the thickness of the gate insulating film of the tran-
sistor Tr2 is preferably larger than that of the gate insulating
film of the transistor Tr3 that is a Si transistor.

A leakage current of the transistor Tr2 through the gate
insulating film of 10 yA or lower is calculated on the basis of
a retention period necessary to hold charge corresponding to
data at the node N1. Specifically, when the capacitance C of
the node N1 is 10 fF and allowable voltage change AV is 0.3
V, aleakage current I that allows charge Q to be held for about
10 years (t=~3x10% s) is estimated at 10 yA or lower using
Equation (1).

O=CxV=Ixt 1)

In terms of equivalent oxide thickness, the thickness of the
gate insulating film that achieves a leakage current of 10 yA or
lower, which enables the above-described charge retention, is
estimated at approximately 6 nm or more in a transistor with
a channel width and length of 1 pm and 1 um.

Estimation of the thickness of the gate insulating film is
explained using a graph of FIG. 9 in the following non-patent
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document: Kazunari Ishimaru, “45 nm/32 nm CMOS—Chal-
lenge and perspective”, Solid-State Electronics, Vol. 52,
2008, pp. 1266-1273.

FIG. 9 in the non-patent document is a graph with equiva-
lent oxide thickness (nm) of a gate insulating film as the
horizontal axis and leakage current per unit area (A/cm?) as
the vertical axis. From the slope of the straight line represent-
ing the characteristics of silicon oxide in this graph, the
amount of leakage current per unit area can be estimated to be
approximately Yioooo times as the thickness of silicon oxide is
increased by 1 nm. According to FIG. 9 in the non-patent
document, the leakage current with a 2-nm-thick silicon
oxide film can be estimated at 1x10™! A/em?, that is, 1x107°
A/um?. Based on this value and the rate of change of the
leakage current per unit area, which varies as the thickness of
silicon oxide is increased in increments of 1 nm, the leakage
current per unit area with a gate insulating film having an
equivalent oxide thickness of about 6 nm can be estimated at
approximately 1x1072* A/um?®. From this leakage current per
unit area, the thickness of the gate insulating film to achieve a
leakage current of 10 yA or lower in a transistor with a
channel width and length of 1 pm and 1 um can be estimated
at approximately 6 nm or more. Even when the transistor Tr3
is a Si transistor formed in a fine process, the thickness of the
gate insulating film in the transistor Tr3 may be the same as
that of the gate insulating film in the transistor Tr2 as long as
it is 6 nm or more.

In the memory cell MCillustrated in FIG. 1, the on/off state
of the transistor Tr2 is controlled in accordance with the
potential of the node N1. The transistor Tr2 needs to have
driving capability high enough to apply the potential of the
wiring VS during its on state to the node N2 and charge and
discharge the capacitor Cp2.

The transistor Tr3 needs to discharge the read data line RD
athigh speed when data read operation is performed, and thus
requires higher driving capability than the transistor Tr2. For
this reason, the transistor Tr3 is preferably a downsized Si
transistor. Since the node N1 is not connected to the gate of
the transistor Tr3 in the structure of this embodiment, charge
retention at the node N1 is not directly affected even when the
gate insulating film of the transistor Tr3 is thinned due to
downsizing and the amount of leakage current flowing
through the gate insulating film is increased.

As has been described, the driving capability of the tran-
sistor Tr2 may be relatively lower than that of the transistor
Tr3. Accordingly, the transistor Tr2 can have a thicker gate
insulating film than the transistor Tr3 and have extremely low
leakage current, which is lower than or equal to the leakage
current between the source and the drain of the transistor Trl.

The node N1 in FIG. 1 is formed by using an OS transistor
as the transistor Trl and a transistor with low leakage current
through a gate insulating film as the transistor Tr2, whereby a
semiconductor device that excels in charge retention charac-
teristics of the node N1 is provided.

The transistor Tr2 is a transistor with extremely low leak-
age current through the gate insulating film. Moreover, the
transistor Tr2 is preferably an OS transistor like the transistor
Trl, in which case the amount of current flowing through the
transistor Tr2 in the off state can be reduced. Thus, unin-
tended leakage current can be prevented from flowing
between the wiring VS and the read data line RD.

With the structure of this embodiment, the memory cell
MC can serve as a nonvolatile memory circuit, which stores
data even after power supply is stopped. Thus, data written
into the node N1 can be continuously stored at the node N1
until the transistor Tr1 is turned on again. In the structure of
this embodiment, charge retention at the node N1 is not
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adversely affected even if the amount of leakage current
flowing through the gate insulating film of the transistor Tr3 is
increased. Consequently, it is possible to provide a semicon-
ductor device in which the function of a nonvolatile memory
circuit is not impaired even if leakage current through the gate
insulating film of the Si transistor occurs.

The memory cell MC having the structure in FIG. 1 has
advantages of achieving a semiconductor device with high
read speed as well as a semiconductor device with excellent
charge retention characteristics. Although data is read from
the memory cell MC in a manner similar to that of a DRAM
cell consisting of the transistor Tr3 and the capacitor Cp2, the
structure in this embodiment is useful in the following
aspects.

In a general DRAM cell, the potential of the capacitor is
changed after data reading, so that data needs to be rewritten
and in a period for data rewriting, data cannot be written into
or read from another memory cell. In contrast, in the structure
of'this embodiment, charge is supplied through the transistor
Tr2 after the transistor Tr3 is turned off. Thus, without refresh
operation after data reading, data can be written into or read
from another memory cell.

In addition, to read data from a general DRAM cell, the
change in the potential of a bit line due to capacitance distri-
bution between the capacitance of the capacitor in the
memory cell and the parasitic capacitance of the bit line needs
to be large enough to be detected by a sense amplifier or the
like; therefore, the capacitance of the capacitor in the memory
cell needs to be large. In contrast, in the structure of this
embodiment, the transistor Tr2 also influences a change in the
potential of the read data line RD, so that the capacitance of
the capacitor Cp2 in the memory cell MC can be low.

Next, an example of the operation of the memory cell MC
illustrated in FIG. 1 will be described using timing charts in
FIGS.2A and 2B. The timing charts in FIGS. 2A and 2B show
changes in the potentials of the write selection line WG, the
write data line WD, the node N1, the node N2, the read
selection line RG, and the read data line RD from the time t1
to the time t10.

First, the timing chart in FIG. 2A will be described. FIG.
2A illustrates the case where data “1” (here, an H-level poten-
tial) is written into the memory cell MC.

From the time t1 to the time t2, the write selection line WG,
the write data line WD, the read selection line RG, and the
read data line RD are set at H level. Thus, the potential of the
node N1 in the memory cell MC becomes H level. Here, inthe
memory cell MC, the transistor Tr2 and the transistor Tr3 are
turned on, so that the potential of the node N2 becomes H
level and an H-level potential is held at the capacitor Cp2.

From the time t2 to the time t3, the write selection line WG,
the write data line WD, and the read selection line RG are set
at L. level. Note that the potential of the read data line RD is a
given potential, and an H-level or L-level potential is applied
to the read data line RD by data writing in another row, for
example.

From the time t3 to the time t4, data in the memory cell MC
is read. Here, the read selection line RG is set at H level. Note
that at the time t3, the potential of the read data line RD is
preferably pulled down, that is, the potential of the read data
line RD is preferably a ground potential corresponding to an
L-level potential.

From the time t3 to the time t4, in the memory cell MC,
capacitive coupling occurs between the capacitance of the
capacitor Cp2 at H level and the parasitic capacitance of the
read data line RD at L. level through the transistor Tr3; thus,
the potentials of the capacitor Cp2 and the read data line RD
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become higher than the L-level potential. Consequently, data
can be read by detecting a change in the potential of the read
data line RD.

Note that from the time t3 to the time t4, in the memory cell
MC, while the read selection line RG is at H level, the H-level
potential of the wiring VS is supplied to the capacitor Cp2 and
the read data line RD through the transistor Tr2 and the
transistor Tr3, and the potentials of the node N2 and the read
dataline RDincrease. Accordingly, even when a change in the
potential of the read data line RD due to capacitive coupling
between the capacitance of the capacitor Cp2 and the para-
sitic capacitance of the read data line RD is small because the
capacitance of the capacitor Cp2 is small, the amount of
change in the potential of the read data line RD can be
increased by making the time for reading data longer. In a
general DRAM cell, the amount of change in the potential is
increased only by making a potential change due to capacitive
coupling larger, that is, by increasing the capacitance of the
capacitor in the memory cell. On the other hand, the structure
of this embodiment provides flexibility in changing the
capacitance of the capacitor Cp2 in response to required read
speed.

From the time t3 to the time t4, in the memory cell MC,
when the read selection line RG is set at L level, the H-level
potential of the wiring VS is supplied to the capacitor Cp2
through the transistor Tr2, and the potential of the node N2
increases and then reaches the H-level potential. In other
words, the potential of the node N2 can be maintained after
data reading without refresh operation.

From the time t4 to the time t5, the write selection line WG,
the write data line WD, and the read selection line RG are set
at L level.

Next, the timing chart in FIG. 2B will be described. FIG.
2B illustrates the case where data “0” (here, an L-level poten-
tial) is written into the memory cell MC.

From the time t6 to the time t7, the write selection line WG
and the read selection line RG are set at H level, and the write
dataline WD and the read data line RD are set at L level. Thus,
the potential of the node N1 in the memory cell MC becomes
L level. Here, in the memory cell MC, the transistor Tr3 is
turned on, so that the potential of the node N2 becomes L level
and an L-level potential is held at the capacitor Cp2.

From the time t7 to the time t8, the write selection line WG,
the write data line WD, and the read selection line RG are set
at L. level. Note that the potential of the read dataline RD is a
given potential, and an H-level or L-level potential is applied
to the read data line RD by data writing in another row, for
example.

From the time t8 to the time t9, data in the memory cell MC
is read. Here, the read selection line RG is set at H level. Note
that at the time t8, the potential of the read data line RD is
preferably pulled down, that is, the potential of the read data
line RD is preferably a ground potential corresponding to an
L-level potential.

From the time t8 to the time t9, in the memory cell MC,
capacitive coupling occurs between the capacitance of the
capacitor Cp2 at L level and the parasitic capacitance of the
read data line RD at L level through the transistor Tr3; how-
ever, the potentials of the capacitor Cp2 and the read data line
RD remain at L. level. Consequently, data can be read by
detecting a change in the potential of the read data line RD.

From the time t9 to the time t10, the write selection line
WG, the write data line WD, and the read selection line RG
are set at L level.

As described above, data can be written into the memory
cell MC and read from the memory cell MC as shown in the
timing charts in FIGS. 2A and 2B.
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The timing charts in FIGS. 2A and 2B show the case where
data is read using the read data line RD with a pulled-down
potential; alternatively, data can be read using precharging of
the read data line RD. The operation of reading data using a
precharged read data line will be described with reference to
timing charts in FIGS. 3A and 3B. The timing charts in FIGS.
3 A and 3B show changes in the potentials of the write selec-
tion line WG, the write data line WD, the wiring VS, the node
N1, the node N2, the read selection line RG, and the read data
line RD from the time t11 to the time t22.

First, the timing chart in FIG. 3A will be described. FIG.
3 A illustrates the case where data “1” (here, an H-level poten-
tial) is written into the memory cell MC.

Data writing operation from the time t11 to the time t13 is
the same as the operation from the time t1 to the time t3
described using FIG. 2A, and the description thereof is not
repeated.

From the time t13 to the time t14, data in the memory cell
MC is read. Here, the read selection line RG is set at H level.
At the time t13, the read data line RD is precharged at an
intermediate potential between an H-level and [-level poten-
tials (also referred to as precharge potential).

From the time t13 to the time t14, in the memory cell MC,
capacitive coupling occurs between the capacitance of the
capacitor Cp2 at H level and the parasitic capacitance of the
read data line RD at the precharge potential through the
transistor Tr3; thus, the potentials of the capacitor Cp2 and the
read data line RD become higher than the precharge potential.
Consequently, data can be read by detecting a change in the
potential of the read data line RD. Providing a read circuit
such as a sense amplifier that can read data by using such a
small change in the potential of the read data line RD enables
data reading at high speed.

Note that from the time t13 to the time t14, in the memory
cell MC, while the read selection line RG is at H level, the
H-level potential of the wiring VS is supplied to the capacitor
Cp2 and the read data line RD through the transistor Tr2 and
the transistor Tr3, and the potentials of the node N2 and the
read data line RD increase. Accordingly, even when a change
in the potential of the read data line RD due to capacitive
coupling between the capacitance of the capacitor Cp2 and
the parasitic capacitance of the read data line RD is small
because of small capacitance of the capacitor Cp2, the
amount of change in the potential of the read data line RD can
be increased by making the time for reading data longer. In a
general DRAM cell, the amount of change in the potential is
increased only by making a potential change due to capacitive
coupling larger, that is, by increasing the capacitance of the
capacitor in the memory cell. On the other hand, the structure
of this embodiment provides flexibility in changing the
capacitance of the capacitor Cp2 in response to required read
speed.

From the time t13 to the time t14, in the memory cell MC,
when the read selection line RG is set at L level, the H-level
potential of the wiring VS is supplied to the capacitor Cp2
through the transistor Tr2, and the potential of the node N2
increases and then reaches the H-level potential. In other
words, the potential of the node N2 can be maintained after
data reading without refresh operation.

From the time t14 to the time t15, the write selection line
WG, the write data line WD, and the read selection line RG
are set at L level.

Next, the timing chart in FIG. 3B will be described. FIG.
3B illustrates the case where data “0” (here, an [-level poten-
tial) is written into the memory cell MC.
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Data writing operation from the time t16 to the time t18 is
the same as the operation from the time t6 to the time t8
described using FIG. 2B, and the description thereof is not
repeated.

From the time t18 to the time t19, data in the memory cell
MC is read. Here, the read selection line RG is set at H level.
At the time t18, the read data line RD is precharged at a
precharge potential.

From the time t18 to the time t19, in the memory cell MC,
capacitive coupling occurs between the capacitance of the
capacitor Cp2 at L level and the parasitic capacitance of the
read data line RD at the precharge potential through the
transistor Tr3; however, the potentials of the capacitor Cp2
and the read data line RD become lower than the precharge
potential. Thus, data can be read by detecting a change in the
potential of the read data line RD. Providing a read circuit
such as a sense amplifier that can read data by using such a
small change in the potential of the read data line RD enables
data reading at high speed.

Note that from the time t18 to the time t19, in the memory
cell MC, the potential of the node N2 at the time t19 is higher
than an [L-level potential unlike in the period between the time
8 and the time t9 described using FIG. 2B. For this reason,
read data is preferably refreshed in the operation in FIG. 3B.
Specifically, refresh operation is performed from the time t19
to the time t21.

From the time t19 to the time t20, the write selection line
WG and the write data line WD are set at H level, and the
wiring VS and the read selection line RG are set at L level.
Thus, the potential of the node N1 in the memory cell MC
becomes H level. Here, in the memory cell MC, the transistor
Tr2 is turned on, so that the potential of the node N2 becomes
L level and an L-level potential is held at the capacitor Cp2.

Next, from the time 120 to the time t21, the write selection
line WG and the wiring VS are set at H level, and the write
data line WD and the read selection line RG are set at L level.
Thus, the potential of the node N1 in the memory cell MC
becomes L level. Here, in the memory cell MC, the transistor
Tr2 and the transistor Tr3 are turned off, so that an L-level
potential is held at the capacitor Cp2.

The case where refresh operation is performed from the
time t19 to the time t21 is described above; when data is read
by applying a precharge potential to the read data line RD, the
design flexibility of a sense amplifier that is configured to
sense data by using the magnitude relation with the precharge
potential is increased, and the data reading sensitivity can be
improved.

When the operation from the time t19 to the time 121 is
performed on all the memory cells, the memory cells can be
initialized. Thus, the potential of the node N2 is set at L level
in advance, resulting in omission of the operation of writing
data from the read data line RD through the transistor Tr3,
which is performed from the time t1 to the time t2 in FIG. 2A
and from the time t6 to the time t7 in FIG. 2B.

From the time t21 to the time t22, the write selection line
WG, the write data line WD, and the read selection line RG
are set at L level and the wiring VS is set at H level.

As described above, data can be written into the memory
cell MC and read from the memory cell MC as shown in the
timing charts in FIGS. 3A and 3B.

FIG. 4 is a circuit diagram of a semiconductor device in
which memory cells MC are arranged in a matrix of m rows
and n columns (m and n are each a natural number). FIG. 4
illustrates the semiconductor device including memory cells
MC_11 to MC_mn. Note that the memory cell MC_11 rep-
resents a memory cell in the first row and the first column; the
memory cell MC_1#x, a memory cell in the first row and the
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n-th column; the memory cell MC_m1, a memory cell in the
m-th row and the first column; and the memory cell MC_mn,
a memory cell in the m-th row and the n-th column. The node
N1 and the node N2 included in each of the memory cells
MC_11 to MC_mn are represented in the same manner. For
example, the node N1 in the memory cell MC_11 in the first
row and the first column is represented as anode N1_11. The
same applies to the nodes N1_17 to N1_mn and the nodes
N2_11 to N2_mn.

As illustrated in FIG. 4, the memory cells MC_11 to
MC_mn are connected to write selection lines WG_1 to
WG_m, read selection lines RG_1 to RG_m, write data lines
WD_1 to WD_n, wirings VS_1 to VS_n, and read data lines
RD_1to RD_n. Each of the memory cells MC_11to MC_mn
includes the transistor Trl, the transistor Tr2, the transistor
Tr3, the capacitor Cp1, and the capacitor Cp2 described using
FIG. 1.

Next, an example of the operation of the memory cells
MC_11 to MC_mn illustrated in FIG. 4 will be described
using a timing chart in FIG. 5. In the following description, as
data written into the memory cells MC_11 to MC_mn, an
L-level potential is written to write data “0” and an H-level
potential is written to write data “1”. The timing chart in FIG.
5 shows changes in the potentials of the write selection lines
WG_1 and WG_m, the write data lines WD_1 and WD_n, the
node N1_11, the node N1_1#, the node N1_m1, the node
N1_mn, the node N2_11, the node N2_1#, the node N2_m1,
the node N2_mmn, the read selection lines RG_1 and RG_m,
and the read data lines RD_1 and RD_n from the time T1 to
the time T8.

From the time T1 to the time T2, data ““1”’ is written into the
memory cell MC_11 and data “0” is written into the memory
cell MC_1# in the first row. Specifically, the write selection
line WG_1, the write data line WD_1, the read selection line
RG_1, and the read data line RD_1 are set at H level and the
write selection line WG_m, the write data line WD_n, the
read selection line RG_m, and the read data line RD_n are set
at [, level. Thus, the potential of the node N1_11 in the
memory cell MC_11 becomes H level and the potential of the
node N1_1# in the memory cell MC_1#n becomes L level.
Here, in the memory cell MC_11, the transistor Tr2 and the
transistor Tr3 are turned on, so that the potential of the node
N2_11becomes H level and the H-level potential is kept at the
capacitor Cp2. In the memory cell MC_1#, the transistor Tr3
is turned on, whereby the potential of the node N2_1»n
becomes L level and the [-level potential is kept at the capaci-
tor Cp2.

From the time T2 to the time T3, the write selection lines
WG_1 and WG_m, the write data lines WD_1 and WD_n,
and theread selection lines RG_1and RG_m are setat L level.
Note that the potentials of the read data lines RD_1and RD_n
are given potentials, and an H-level or L-level potential is
applied to the read data lines RD_1 and RD_n by data writing
in another row, for example.

From the time T3 to the time T4, data ““0” is written into the
memory cell MC_m1 and data “1” is written into the memory
cell MC_mn in the m-th row. Specifically, the write selection
line WG_1, the write data line WD_1, the read selection line
RG_1, and the read data line RD_1 are set at L level and the
write selection line WG_m, the write data line WDn, the read
selection line RG_m, and the read data line RD_n are set at H
level. Thus, the potential of the node N1_m1 in the memory
cell MC_m1 becomes L level and the potential of the node
N1_mn inthe memory cell MC_mn becomes H level. Here, in
the memory cell MC_ml1, the transistor Tr3 is turned on, so
that the potential of the node N2_m1 becomes L level and the
L-level potential is kept at the capacitor Cp2. In the memory
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cell MC_mn, the transistor Tr2 and the transistor Tr3 are
turned on, whereby the potential of the node N2_mn becomes
H level and the H-level potential is kept at the capacitor Cp2.

From the time T4 to the time T5, the write selection lines
WG_1 and WG_m, the write data lines WD_1 and WD_n,
and theread selection lines RG_1and RG_maresetatL level.
Note that the potentials of the read data lines RD_1 and RD_n
are given potentials, and an H-level or L-level potential is
applied to the read data lines RD_1 and RD_n by data writing
in another row, for example.

From the time T5 to the time T6, data in the memory cells
MC_11 and MC_1# of the first row are read. Here, the read
selection line RG_1 is setat H level and the read selection line
RG_mis set at L level. Note that at the time T5, the potentials
of'the read datalines RD_1 and RD_n are pulled down, that is,
these potentials are set at a ground potential corresponding to
an L-level potential. Note that precharge may be performed as
described using FIGS. 3A and 3B.

From the time T5 to the time T6, in the memory cell
MC_11, capacitive coupling occurs between the capacitance
of'the capacitor Cp2 at H level and the parasitic capacitance of
the read data line RD_1 at L. level through the transistor Tr3;
thus, the potentials of the capacitor Cp2 and the read data line
RD_1 become higher than the L-level potential. Furthermore,
in the memory cell MC_1n, capacitive coupling occurs
between the capacitance of the capacitor Cp2 at L. level and
the parasitic capacitance of the read data line RD_n at L level
through the transistor Tr3; however, the potentials of the
capacitor Cp2 and the read data line RD_n remain at L level.
Consequently, data can be read by detecting changes in the
potentials of the read data lines RD_1 and RD_n.

From the time T5 to the time T6, in the memory cell
MC_11, while the read selection line RG_1 is at H level, the
H-level potential of the wiring VS is supplied to the capacitor
Cp2 and the read data line RD_1 through the transistor Tr2
and the transistor Tr3, and the potentials of the node N2_11
and the read data line RD_1 increase. Accordingly, even when
a change in the potential of the read data line RD_1 due to
capacitive coupling between the capacitance of the capacitor
Cp2 and the parasitic capacitance of the read data line RD_1
is small because of small capacitance of the capacitor Cp2,
the amount of change in the potential of the read data line
RD_1 can be increased by making the time for reading data
longer. In a general DRAM cell, the amount of change in the
potential is increased only by making a potential change due
to capacitive coupling larger, that is, by increasing the capaci-
tance of the capacitor in the memory cell. On the other hand,
the structure of this embodiment provides flexibility in chang-
ing the capacitance of the capacitor Cp2 in response to
required read speed.

From the time T5 to the time T6, in the memory cell
MC_11, when the read selection line RG_1 is set at L level,
the H-level potential of the wiring VS is supplied to the
capacitor Cp2 through the transistor Tr2, and the potential of
the node N2_11 increases and then reaches the H-level poten-
tial. In other words, the potential of the node N2_11 can be
maintained after data reading without refresh operation.

From the time T6 to the time T7, the write selection line
WG_1, the write selection line WG_m, the write data line
WD_1, the write data line WD_n, the read selection line
RG_1, and the read selection line RG_1 are set at L level.

From the time T7 to the time T8, data in the memory cells
MC_m1 and MC_mn of the m-th row are read. Here, the read
selection line RG_1 is set at L level and the read selection line
RG_m s set at H level. Note that at the time T7, the potentials
of'the read datalines RD_1 and RD_n are pulled down, that is,
these potentials are set at a ground potential corresponding to
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an L-level potential. Note that precharge may be performed as
described using FIGS. 3A and 3B.

From the time T7 to the time T8, in the memory cell
MC_ml1, capacitive coupling occurs between the capacitance
of'the capacitor Cp2 at L level and the parasitic capacitance of
the read data line RD_1 at L. level through the transistor Tr3;
however, the potentials of the capacitor Cp2 and the read data
line RD_1 remain at L level. In the memory cell MC_mn,
capacitive coupling occurs between the capacitance of the
capacitor Cp2 at H level and the parasitic capacitance of the
read data line RD_n at L. level through the transistor Tr3; thus,
the potentials of the capacitor Cp2 and the read data line
RD_n become higher than the L-level potential. Conse-
quently, data can be read by detecting changes in the poten-
tials of the read data lines RD_1 and RD_n.

Note that from the time T7 to the time T8, in the memory
cell MC_mn, while the read selection line RG_m is at H level,
the H-level potential of the wiring VS is supplied to the
capacitor Cp2 and the read data line RD_n through the tran-
sistor Tr2 and the transistor Tr3, and the potentials of the node
N2_mn and the read data line RD_n increase. Accordingly,
even when a change in the potential of the read data line RD_n
due to capacitive coupling between the capacitance of the
capacitor Cp2 and the parasitic capacitance of the read data
line RD_n is small because the capacitance of the capacitor
Cp2 is small, the amount of change in the potential of the read
data line RD_n can be increased by making the time for
reading data longer. In a general DRAM cell, the amount of
change in the potential is increased only by making a potential
change due to capacitive coupling larger, that is, by increasing
the capacitance of the capacitor in the memory cell. On the
other hand, the structure of this embodiment provides flex-
ibility in changing the capacitance of the capacitor Cp2 in
response to required read speed.

From the time T7 to the time T8, in the memory cell
MC_mn, when the read selection line RG_m is set at L level,
the H-level potential of the wiring VS is supplied to the
capacitor Cp2 through the transistor Tr2, and the potential of
the node N2_mmn increases and then reaches the H-level
potential. In other words, the potential of the node N2_m#n can
be maintained after data reading without refresh operation.

As described above, data can be written into the memory
cells MC_11 to MC_mn and read from the memory cells
MC_11 to MC_mn as shown in the timing chart in FIG. 5.

Although the transistors Trl to Tr3 are n-channel transis-
tors in FIG. 1, some of them may be a p-channel transistor. For
example, the transistor Tr3 can be a p-channel transistor
Tr3_p as in a circuit diagram of FIG. 6.

In the structure illustrated in F1G. 1, the transistors Trl and
Tr2 are OS transistors and the transistor Tr3 is a Si transistor.
FIG. 7A is a circuit diagram in which “OS” is used to indicate
that a semiconductor layer including a channel formation
region of the OS transistor contains an oxide semiconductor
and “Si” is used to indicate that a semiconductor layer includ-
ing a channel formation region of the Si transistor contains
silicon. In FIG. 7A, the transistor Trl, the transistor Tr2, and
the transistor Tr3 are shown as a transistor Trl_OS, a transis-
tor Tr2_OS, and a transistor Tr3_Si, respectively.

As described above, there is no particular limitation on the
kind of semiconductor contained in the semiconductor layer
of the transistor Tr2 because the transistor Tr2 only needs to
have the feature of low gate leakage current. Thus, for
example, the transistor Tr2 can be a transistor Tr2_a-Si con-
taining amorphous silicon and the transistor Tr3 can be a
transistor Tr3_c-Si containing single crystal silicon as illus-
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trated in FIG. 7B. In this case, the three transistors are pro-
vided in different layers, so that the area of memory cells per
unit area can be reduced.

As described above, one embodiment of the present inven-
tion achieves a nonvolatile semiconductor device in which
charge retention characteristics of a node for holding charge
are improved and data is read at high speed.

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 2

Referring to FIGS. 8 to 12, this embodiment will show an
example of a semiconductor device including a matrix of the
memory cells described in Embodiment 1.
<Structure Example of Semiconductor Device>

FIG. 81s a block diagram illustrating a structure example of
a semiconductor device including the memory cells MC
arranged in a matrix in FIG. 4.

A semiconductor device 200 illustrated in FIG. 8 includes
amemory cell array 201 in which the memory cells MC_11to
MC_mn described using FIG. 4 in Embodiment 1 are
arranged in a matrix, a row driver 202, a column driver 203,
and a read driver 204. FIG. 8 also illustrates wirings con-
nected to the memory cell MC_11 in the first row and the first
column, the memory cell MC_1# in the first row and the n-th
column, the memory cell MC_m1 in the m-th row and the first
column, and the memory cell MC_mn in the m-th row and the
n-th column, specifically the write selection line WG_1, the
read selection line RG_1, the write selection line WG_m, the
read selection line RG_m, the read data line RD_1, the read
data line RD_n, the wiring VS_1 for applying a constant
potential, and the wiring VS_n for applying a constant poten-
tial.

The memory cell array 201 in FIG. 8 is the same as the
semiconductor device in FIG. 4; therefore, the description
thereof is omitted here and the description of FIG. 4 can be
referred to.

The row driver 202 is a circuit having a function of selec-
tively controlling data reading and writing in each row of the
memory cells MC_11 to MC_mn. Specifically, the row driver
202 supplies a write selection signal and a read selection
signal to the write selection lines WG_1 to WG_m and the
read selection lines RG_1 to RG_m.

The column driver 203 is a circuit having a function of
selectively writing data into the node N_1 in the memory cells
MC_11 to MC_mn, and a function of supplying a potential
corresponding to the data to the node N2 in the memory cells
MC_11 to MC_mn. Specifically, the column driver 203 sup-
plies data to the write data lines WD_1 to WD_n and the read
data lines RD_1 to RD_n, and supplies the constant potential
to the wirings VS_1 to VS_n.

The read driver 204 is a circuit having a function of reading
data stored in the memory cells MC_11 to MC_mn and out-
putting the data to the outside. Specifically, the read driver
204 applies a precharge potential to the read data lines RD_1
to RD_n, reads in a voltage changed from the precharge
potential, and outputs data obtained by comparing the voltage
with a reference voltage to the outside.

Note that the wirings VS_1 to VS_n for applying a constant
potential in FIG. 8 can be shared by adjacent memory cells.
For example, as in a semiconductor device illustrated in a
block diagram of FIG. 9, one wiring VS_1,2 can be provided
instead of the wiring VS_1 in the first column and the wiring
VS_2 in the second column.
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<Structure Example of Row Driver>

FIG. 10 is a block diagram showing a structure example of
the row driver 202 illustrated in FIG. 8.

The row driver 202 illustrated in FIG. 10 includes a
decoder 301 and read/write buffer circuits 302. The read/
write buffer circuit 302 is provided for every row of the
memory cells MC_11 to MC_mn, to which the write selection
lines WG_1 to WG_m and the read selection lines RG_1 to
RG_m are connected.

The decoder 301 is a circuit having a function of outputting
a signal for selecting a row including one of the write selec-
tion lines WG_1 to WG_m and one of the read selection line
RG_1 to RG_m. Specifically, the decoder 301 selects the
read/write buffer circuits 302 in any row in accordance with
an inputted row address signal R_Address.

The read/write buffer circuit 302 has functions of output-
ting a write selection signal and selectively outputting a read
selection signal to a row selected by the decoder 301, which
includes one of the write selection lines WG_1 to WG_m and
one of the read selection lines RG_1 to RG_m. Specifically,
the read/write buffer circuit 302 selectively outputs a write
selection signal or a read selection signal in accordance with
an inputted row read/write selection signal R_R/W_SEL.
<Structure Example of Column Driver>

FIG. 11 is a block diagram showing a structure example of
the column driver 203 illustrated in FIG. 8.

The column driver 203 illustrated in FIG. 11 includes a
decoder 401 and three-state bufters 402. The decoder 401 is
connected to the write data lines WD_1 to WD_n and the
three-state buffers 402 of every column. The three-state buff-
ers 402 are connected to the read data lines RD_1 to RD_n of
the respective columns Although not shown, the wirings
VS_1toVS_nforapplying a constant potential are connected
to the memory cells MC_11 to MC_mn in the respective
columns without being connected to the column driver 203 in
FIG. 11.

The decoder 401 is a circuit having a function of selecting
the write data lines WD_1 to WD_n and the read data lines
RD_1to RD_nto output data. Specifically, the decoder 401 is
supplied with a column address signal C_Address and out-
puts data to the write data lines WD_1 to WD_n and the read
data lines RD_1 to RD_n in a selected column.

The three-state buffers 402 are circuits for controlling
whether a potential corresponding to data is applied to the
read data lines RD_1 to RD_n or the read data lines RD_1 to
RD_n are brought into an electrically floating state depending
on a read data line control signal RD_EN. The read data lines
RD_1 to RD_n are brought into a floating state at least in a
period during which a ground potential or a precharge poten-
tial is applied to the read data lines RD_1to RD_nto read data
in a memory cell.
<Structure Example of Read Driver>

FIG. 12 is a block diagram showing a structure example of
the read driver 204 illustrated in FIG. 8.

The read driver 204 illustrated in FIG. 12 includes transis-
tors 501, switch circuits 502, and comparators 503. The tran-
sistor 501, the switch circuit 502, and the comparator 503 are
provided in each column corresponding to the read data lines
RD_1 to RD_n. The comparators 503 in each column are
connected to respective output terminals Dout_1 to Dout_n
connected to the outside.

The transistors 501 have a function of applying a ground
potential for pull-down to the read data lines RD_1 to RD_n.
Specifically, the transistors 501 are switches for applying a
ground potential to the read data lines RD_1 to RD_n in
response to a read control signal RE_EN. Note that the tran-
sistors 501 may have a function of applying a precharge
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potential to the read data lines RD_1 to RD_n. Specifically,
the transistors 501 may be switches for applying a precharge
potential to the read data lines RD_1 to RD_n in response to
a read control signal RE_EN.

The switch circuits 502 have a function of supplying poten-
tials of the read data lines RD_1 to RD_n that vary with data
stored in the memory cells MC_11 to MC_mn to one of input
terminals of the respective comparators 503. Specifically, the
switch circuit 502 includes an analog switch and an inverter.
Moreover, the switch circuit 502 supplies the potential of one
of the read data lines RD_1 to RD_n to one of the input
terminals of the comparator 503 in response to a switch con-
trol signal Read_SW, and the analog switch is subsequently
turned off Note that the potential of one of the read data lines
RD_1to RD_n, which is applied to one of the input terminals
of the comparator 503, may be held at the one input terminal
of the comparator 503 by using a sample-hold circuit or the
like.

The comparator 503 compares the potential of one of the
read data lines RD_1 to RD_n, which is applied to one of the
input terminals, with a reference voltage Vref applied to the
other input terminal to determine a change in the potential of
one of the read data lines RD_1 to RD_n. Signals correspond-
ing to the determination results can be output to the outside
through the output terminals Dout_1 to Dout_n. Note that the
reference voltage Vrefis a ground potential in the case where
data is read using the read data lines RD_1 to RD_n with
pulled-down potentials. Furthermore, the reference voltage
Vref is a precharge potential in the case where data is read
using the precharged read data lines RD_1 to RD_n.

As described above, the memory cells included in the semi-
conductor device described in this embodiment have the
structure described in Embodiment 1, thereby achieving a
nonvolatile semiconductor device in which charge retention
characteristics of a node for holding charge are improved and
data is read at high speed.

The structure described above in this embodiment can be
combined as appropriate with any of the structures described
in the other embodiments.

Embodiment 3

This embodiment will explain an oxide semiconductor
layer that can be used as a semiconductor layer including a
channel formation region of the transistor with low off-state
current described in the foregoing embodiments.

An oxide semiconductor used for the semiconductor layer
including a channel formation region of the transistor prefer-
ably contains at least indium (In) or zinc (Zn). In particular,
the oxide semiconductor preferably contains both In and Zn.
The oxide semiconductor preferably contains a stabilizer for
strongly bonding oxygen, in addition to In and Zn. The oxide
semiconductor preferably contains at least one of gallium
(Ga), tin (Sn), zirconium (Zr), hafnium (Hf), and aluminum
(Al) as the stabilizer.

As another stabilizer, the oxide semiconductor may con-
tain one or more kinds of lanthanoid such as lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb), and lutetium (Lu).

As the oxide semiconductor used for the semiconductor
layer including a channel formation region of the transistor,
any of the following can be used, for example: indium oxide,
tin oxide, zinc oxide, In—Zn-based oxide, Sn—Z7n-based
oxide, Al—Zn-based oxide, Zn—Mg-based oxide, Sn—Mg-
based oxide, In—Mg-based oxide, In—Ga-based oxide,
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In—Ga—7n-based oxide (also referred to as 1GZO),
In—Al—Zn-based oxide, In—Sn—Zn-based oxide,
Sn—Ga—Zn-based oxide, Al—Ga—Zn-based oxide,
Sn—Al—Zn-based oxide, In—Hf—Zn-based oxide,
In—Z7r—Zn-based oxide, In—Ti—Zn-based oxide,
In—Sc—Z7n-based oxide, In—Y—Zn-based oxide,
In—La—Zn-based oxide, In—Ce—Zn-based oxide,
In—Pr—Zn-based oxide, In—Nd—Zn-based oxide,
In—Sm—Zn-based oxide, In—FEu—Zn-based oxide,
In—Gd—Zn-based oxide, In—Tb—Zn-based oxide,
In—Dy—Zn-based oxide, In—Ho—Z7n-based oxide,
In—FEr—Zn-based oxide, In—Tm—Zn-based oxide,
In—Yb—Zn-based oxide, In—Lu—Zn-based oxide,

In—Sn—Ga—Zn-based oxide, In—Hf—Ga—Zn-based
oxide, In—Al—Ga—Zn-based oxide, In—Sn—Al—Zn-
based oxide, In—Sn—Hf—Zn-based oxide, and In—Hf—
Al—Zn-based oxide.

For example, an In—Ga—Z7n-based oxide with an atomic
ratio of In:Ga:Zn=1:1:1, 3:1:2, or 2:1:3 or an oxide with an
atomic ratio close to the above atomic ratios can be used.

If an oxide semiconductor film forming the semiconductor
layer including a channel formation region contains a large
amount of hydrogen, the hydrogen and the oxide semicon-
ductor are bonded to each other, so that part of the hydrogen
serves as a donor and causes generation of an electron which
is a carrier. As a result, the threshold voltage of the transistor
shifts in the negative direction. It is therefore preferable that
after formation of the oxide semiconductor film, dehydration
treatment (dehydrogenation treatment) be performed to
remove hydrogen or moisture from the oxide semiconductor
film so that the oxide semiconductor film is highly purified to
contain impurities as little as possible.

Note that oxygen in the oxide semiconductor film is some-
times reduced by the dehydration treatment (dehydrogena-
tion treatment). For that reason, it is preferable that oxygen be
added to the oxide semiconductor film to fill oxygen vacan-
cies increased by the dehydration treatment (dehydrogena-
tion treatment). In this specification and the like, supplying
oxygen to an oxide semiconductor film may be expressed as
oxygen adding treatment or treatment for making an oxygen-
excess state.

In this manner, hydrogen or moisture is removed from the
oxide semiconductor film by the dehydration treatment (de-
hydrogenation treatment) and oxygen vacancies therein are
filled by the oxygen adding treatment, whereby the oxide
semiconductor film can be turned into an i-type (intrinsic)
oxide semiconductor film or a substantially i-type (intrinsic)
oxide semiconductor film that is extremely close to an i-type
oxide semiconductor film. Note that “substantially intrinsic”
means that the oxide semiconductor film contains extremely
few (close to zero) carriers derived from a donor and has a
carrier density of 1x10*7/cm? or lower, 1x10'%/cm? or lower,
1x10*/cm?® or lower, 1x10*/cm? or lower, or 1x10*3/cm® or
lower.

The transistor including an i-type or substantially i-type
oxide semiconductor film can have extremely favorable leak-
age current characteristics. For example, the off-state drain
current of the transistor including the oxide semiconductor
film can be 1x107'® A or less, preferably 1x107>" A or less,
more preferably 1x107* A or less at room temperature (ap-
proximately 25° C.), or 11071 A or less, preferably 1x107%
A or less, more preferably 1x1072* A or less at 85° C. Note
that the off state of an n-channel transistor refers to a state
where a gate voltage is sufficiently lower than the threshold
voltage. Specifically, the transistor is off when the gate volt-
age is lower than the threshold voltage by 1V or more, 2V or
more, or 3 V or more.
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An oxide semiconductor film may include a non-single
crystal, for example. The non-single crystal state is struc-
tured, for example, by at least one of c-axis aligned crystal
(CAAQ), polycrystal, microcrystal, and an amorphous part.

An oxide semiconductor may include CAAC, for example.
Note that an oxide semiconductor including CAAC is
referred to as a c-axis aligned crystalline oxide semiconduc-
tor (CAAC-OS).

In an image obtained with a transmission electron micro-
scope (TEM), for example, crystal parts can be found in the
CAAC-OS in some cases. In most cases, in an image obtained
with a TEM, crystal parts in the CAAC-OS each fit inside a
cube whose one side is less than 100 nm, for example. In an
image of the CAAC-OS obtained with a TEM, a boundary
between the crystal parts or a grain boundary is not clearly
observed in some cases. Since a clear grain boundary does not
exist in the CAAC-OS, segregation of an impurity, high den-
sity of defect states, or a reduction in electron mobility is
unlikely to occur, for example.

For example, the CAAC-OS sometimes includes a plural-
ity of crystal parts whose c-axes are aligned in a direction
parallel to a normal vector of a surface where the CAAC-OS
is formed or a normal vector of a surface of the CAAC-OS.
When the CAAC-OS is analyzed by an out-of-plane method
with an X-ray diffraction (XRD) apparatus, a peak at 20 of
around 31° which shows alignment appears in some cases.
Furthermore, for example, spots (luminescent spots) are
observed in an electron diffraction pattern of the CAAC-OS
in some cases. Note that an electron diffraction pattern
obtained with an electron beam having a beam diameter of 10
nm¢ or smaller or 5 nm¢ or smaller is called a nanobeam
electron diffraction pattern. In the CAAC-OS, for example,
among crystal parts, the directions of the a-axis and the b-axis
of one crystal part are sometimes different from those of
another crystal part. In the CAAC-OS, for example, c-axes
are aligned and a-axes and/or b-axes are not macroscopically
aligned in some cases.

In each of the crystal parts included in the CAAC-OS, for
example, the c-axis is aligned in a direction parallel to a
normal vector of a surface where the CAAC-OS is formed or
a normal vector of a surface of the CAAC-OS, metal atoms
are arranged in a triangular or hexagonal pattern when seen
from the direction perpendicular to the a-b plane, and metal
atoms are arranged in a layered manner or metal atoms and
oxygen atoms are arranged in a layered manner when seen
from the direction perpendicular to the c-axis. Note that
among crystal parts, the directions of the a-axis and the b-axis
of one crystal part may be different from those of another
crystal part.

The CAAC-OS can be formed by reduction in the density
of defect states, for example. In an oxide semiconductor, for
example, oxygen vacancies are defect states. Oxygen vacan-
cies serve as trap levels or serve as carrier generation sources
when hydrogen is trapped therein. In order to form the
CAAC-OS, for example, it is important to prevent oxygen
vacancies from being generated in the oxide semiconductor.
Thus, the CAAC-OS is an oxide semiconductor having a low
density of defect states. In other words, the CAAC-OS is an
oxide semiconductor having few oxygen vacancies.

The state in which impurity concentration is low and den-
sity of defect states is low (the number of oxygen vacancies is
small) is referred to as a “highly purified intrinsic” or “sub-
stantially highly purified intrinsic” state. A highly purified
intrinsic or substantially highly purified intrinsic oxide semi-
conductor has few carrier generation sources, and thus has a
low carrier density in some cases. Thus, in some cases, a
transistor including the oxide semiconductor in a channel
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formation region rarely has a negative threshold voltage (is
rarely normally-on). A highly purified intrinsic or substan-
tially highly purified intrinsic oxide semiconductor has a low
density of defect states and accordingly has low density of
trap states in some cases. Thus, the transistor including the
oxide semiconductor in the channel formation region has a
small change in electrical characteristics and high reliability
in some cases. A charge trapped by the trap states in the oxide
semiconductor takes a long time to disappear. The trapped
charge may behave like a fixed charge. Consequently, the
transistor that contains the oxide semiconductor having a
high density of trap states in the channel formation region has
unstable electrical characteristics in some cases.

With the use of the highly purified intrinsic or substantially
highly purified intrinsic CAAC-OS in a transistor, a change in
the electrical characteristics of the transistor due to irradiation
with visible light or ultraviolet light is small.

An oxide semiconductor may include polycrystal, for
example. Note that an oxide semiconductor including poly-
crystal is referred to as a polycrystalline oxide semiconductor.
A polycrystalline oxide semiconductor includes a plurality of
crystal grains.

An oxide semiconductor may include microcrystal, for
example. Note that an oxide semiconductor including micro-
crystal is referred to as a microcrystalline oxide semiconduc-
tor.

In an image obtained with a TEM, for example, crystal
parts cannot be found clearly in the microcrystalline oxide
semiconductor in some cases. In most cases, the size of a
crystal part included in the microcrystalline oxide semicon-
ductor ranges from 1 nm to 100 nm, or from 1 nm to 10 nm,
for example. A microcrystal with a size ranging from 1 nm to
10 nm is specifically referred to as nanocrystal (nc). An oxide
semiconductor including nanocrystal is referred to as a
nanocrystalline oxide semiconductor (nc-OS). In an image of
the nc-OS obtained with a TEM, for example, a boundary
between crystal parts is not clearly observed in some cases.
Since a clear grain boundary does not exist in an image of the
nc-OS obtained with a TEM, for example, segregation of an
impurity is unlikely to occur. In the nc-OS, since a clear grain
boundary does not exist, high density of defect states or a
reduction in electron mobility is unlikely to occur, for
example.

In the nc-O8, for example, a microscopic region (e.g., a
region ranging from 1 nm to 10 nm) has a periodic atomic
order occasionally. Furthermore, for example, in the nc-OS,
crystal parts are not regularly arranged. Thus, there is a case
where periodic atomic order is not observed macroscopically
ora case where long-range order in atomic arrangement is not
observed. Accordingly, in some cases, the nc-OS cannot be
distinguished from an amorphous oxide semiconductor, for
example, depending on an analysis method. When the nc-OS
is analyzed by an out-of-plane method with an XRD appara-
tus using an X-ray having a beam diameter larger than the
diameter of a crystal part, a peak that shows alignment does
not appear in some cases. Moreover, for example, a halo
pattern is shown in some cases in an electron diffraction
pattern of the nc-OS obtained by using an electron beam
having a beam diameter larger than the diameter of a crystal
part (e.g., a beam diameter of 20 nm¢ or more, or 50 nm¢ or
more). For example, spots are shown in some cases in a
nanobeam electron diffraction pattern of the nc-OS obtained
by using an electron beam having a beam diameter smaller
than or equal to the diameter of a crystal part (e.g., a beam
diameter of 10 nm¢ or less, or 5 nm¢ or less). In a nanobeam
electron diffraction pattern of the nc-OS, for example, regions
with high luminance in a circular pattern are shown in some
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cases. Moreover, in a nanobeam electron diffraction pattern
of'the nc-O8, for example, a plurality of spots are shown in the
region in some cases.

Since the microscopic region in the nc-OS has a periodic
atomic order occasionally, the nc-OS has lower density of
defect states than the amorphous oxide semiconductor. Note
that since crystal parts in the nc-OS are not regularly
arranged, the nc-OS has higher density of defect states than
the CAAC-OS.

Note that an oxide semiconductor film may be a mixed film
including two or more ofa CAAC-OS, apolycrystalline oxide
semiconductor, a microcrystalline oxide semiconductor, and
an amorphous oxide semiconductor. The mixed film may
include at least two of an amorphous oxide semiconductor
region, a microcrystalline oxide semiconductor region, a
polycrystalline oxide semiconductor region, and a CAAC-OS
region, for example. Moreover, the mixed film may have a
stacked structure of at least two of an amorphous oxide semi-
conductor region, a microcrystalline oxide semiconductor
region, a polycrystalline oxide semiconductor region, and a
CAAC-OS region.

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 4

Referring to a drawing, this embodiment will show a cross-
sectional structure of transistors included in the memory cell
MC of the semiconductor device of one embodiment of the
disclosed invention.

FIG. 13 illustrates an example of part of a cross-sectional
structure of the memory cell MC. FIG. 13 illustrates the
transistor Trl, the transistor Tr2, the transistor Tr3, the capaci-
tor Cp1, and the capacitor Cp2 shown in Embodiment 1.

In the cross-sectional view in F1G. 13, the transistors Trl to
Tr3 and the capacitors Cpl and Cp2 shown in FIG. 1 are
denoted by the same reference signs.

The cross-sectional view in FIG. 13 shows an example
where the transistor Tr3 is formed on a single crystal silicon
substrate and the transistors Trl and Tr2 using an oxide semi-
conductor for a semiconductor layer including a channel for-
mation region are formed over the transistor Tr3. In the tran-
sistor Tr3, a thin semiconductor layer of silicon, germanium,
orthe like in an amorphous, microcrystalline, polycrystalline,
or single crystal state may be used for the semiconductor layer
including a channel formation region.

In the cross-sectional view in FIG. 13, the transistors Trl
and Tr2 are transistors in which an oxide semiconductor
provided in the same layer is used for a semiconductor layer
including a channel formation region. Alternatively, the tran-
sistors Trl and Tr2 may be provided in different layers and
stacked as described in Embodiment 1. In this structure, the
transistor Tr2 does not necessarily use an oxide semiconduc-
tor for the semiconductor layer including a channel formation
region as long as the transistor Tr2 includes a thicker gate
insulating film than the transistor Tr3. With such a structure,
the density of memory cells can be further increased.

When the Si transistor and the OS transistors are stacked in
the semiconductor device as in FIG. 13, the chip area of the
semiconductor device can be reduced.

In FIG. 13, the n-channel transistor Tr3 is formed on a
semiconductor substrate 810.

The semiconductor substrate 810 can be, for example, an
n-type or p-type silicon substrate, germanium substrate, sili-
con germanium substrate, or compound semiconductor sub-
strate (e.g., GaAs substrate, InP substrate, GaN substrate, SiC
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substrate, GaP substrate, GalnAsP substrate, or ZnSe sub-
strate). In FIG. 13, a single crystal silicon substrate having
n-type conductivity is used.

The transistor Tr3 is electrically isolated from other tran-
sistors existing in the same layer by element isolation insu-
lating films 812. The element isolation insulating films 812
can be formed by a local oxidation of silicon (LOCOS)
method, a trench isolation method, or the like.

Specifically, the transistor Tr3 includes impurity regions
814 and 816 that are formed in the semiconductor substrate
810 and function as source and drain regions, a conductive
film 818, and a gate insulating film 820 provided between the
semiconductor substrate 810 and the conductive film 818.
The conductive film 818 overlaps a channel formation region
between the impurity regions 814 and 816 with the gate
insulating film 820 positioned between the conductive film
818 and the channel formation region. Note that the conduc-
tive film 818 functions as a gate electrode.

An insulating film 822 is provided over the transistor Tr3.
Openings are formed in the insulating film 822. A conductive
film 824 in contact with the impurity region 814, a conductive
film 826 in contact with the impurity region 816, and a con-
ductive film 828 in contact with the conductive film 818 are
formed in the openings. A conductive film 832 is formed in
the same layer as the conductive films 824, 826, and 828.

An insulating film 834 is provided over the conductive
films 824, 826, 828, and 832. Openings are formed in the
insulating film 834. A conductive film 836 that is a wiring in
contact with the conductive film 826 and a conductive film
838 in contact with the conductive film 832 are formed in the
openings.

In FIG. 13, the transistor Tr1, the transistor Tr2, the capaci-
tor Cp1, and the capacitor Cp2 are formed over the insulating
film 834.

The transistor Trl includes, over the insulating film 834, a
semiconductor layer 842 containing an oxide semiconductor,
conductive films 848 and 850 that are positioned over the
semiconductor layer 842 and function as source and drain
electrodes, a gate insulating film 852 over the semiconductor
layer 842 and the conductive films 848 and 850, and a con-
ductive film 858 that is positioned over the gate insulating
film 852 and overlaps the semiconductor layer 842 between
the conductive films 848 and 850. Note that the conductive
film 858 functions as a gate electrode.

The transistor Tr2 includes, over the insulating film 834, a
semiconductor layer 840 containing an oxide semiconductor,
conductive films 844 and 846 that are positioned over the
semiconductor layer 840 and function as source and drain
electrodes, the gate insulating film 852 over the semiconduc-
tor layer 840 and the conductive films 844 and 846, and a
conductive film 854 that is positioned over the gate insulating
film 852 and has a portion functioning as a gate electrode in a
region overlapping the semiconductor layer 840 without
overlapping the conductive films 844 and 846. The conduc-
tive film 844 is connected to the conductive film 836. The
conductive film 846 is connected to the conductive film 838.
An opening reaching the conductive film 848 is formed in the
gate insulating film 852. A conductive film 854 is provided in
the opening.

The capacitor Cpl includes, over the insulating film 834,
the conductive film 848, the gate insulating film 852 over the
conductive film 848, and a conductive film 856 which is over
the gate insulating film 852 and part of which overlaps the
conductive film 848.

The capacitor Cp2 includes, over the insulating film 834,
the conductive film 844, the gate insulating film 852 over the
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conductive film 844, and a conductive film 830 which is over
the gate insulating film 852 and part of which overlaps the
conductive film 844.

An opening reaching the conductive film 850 is formed in
the gate insulating film 852 and an insulating film 860. A
conductive film 862 is provided in the opening.

Note that the conductive film 858 is a wiring corresponding
to the write selection line WG described in Embodiment 1;
the conductive film 832, a wiring corresponding to the wiring
VS; the conductive films 848 and 854, a wiring corresponding
to the node N1; the conductive films 826, 836, and 844, a
wiring corresponding to the node N2; the conductive film
862, a wiring corresponding to the write data line WD; and the
conductive film 824, a wiring corresponding to the read data
line RD.

As the gate insulating films 820 and 852, an inorganic
insulating film may be used, for example. The inorganic insu-
lating film preferably has a single-layer or multi-layer struc-
ture including any of a silicon nitride film, a silicon oxynitride
film, a silicon nitride oxide film, and the like.

Each of the insulating films 822, 834, and 860 is preferably
asingle layer or amultilayer including an inorganic insulating
film or an organic insulating film. The organic insulating film
preferably has a single-layer or a multi-layer structure con-
taining polyimide, acrylic, or the like.

The semiconductor layers 840 and 842 are preferably
formed using an oxide semiconductor. The oxide semicon-
ductor can be any of the materials described in Embodiment
3.

Each of the conductive films 818, 824, 826, 828, 830, 832,
836, 838, 844, 846, 848, 850, 854, 856, 858, and 862 can be,
for example, a single layer or a stack containing a metal
material such as aluminum, copper, titanium, tantalum, or
tungsten.

In FIG. 13, the transistors Trl and Tr2 have the gate elec-
trode on at least one side of the semiconductor layer; alterna-
tively, they may have a pair of gate electrodes with the semi-
conductor layer positioned therebetween.

When the transistors Trl and Tr2 include a pair of gate
electrodes with the semiconductor layer positioned therebe-
tween, one of the gate electrodes may be supplied with a
signal for controlling the on/off state, and the other of the gate
electrodes may be supplied with a potential from another
element. In the latter case, potentials with the same level may
be supplied to the pair of gate electrodes, or a fixed potential
such as a ground potential may be supplied only to the other
of the gate electrodes. When the level of a potential supplied
to the other of the gate electrodes is controlled, the threshold
voltage of the transistors Trl and Tr2 can be controlled.

The semiconductor layers 840 and 842 are not limited to a
single film of an oxide semiconductor and may be a stack
including a plurality of oxide semiconductor films.

The structure of the semiconductor device described in this
embodiment achieves a nonvolatile semiconductor device in
which charge retention characteristics of a node for holding
charge are improved and data is read at high speed as
described in Embodiment 1.

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 5

In this embodiment, application examples of the semicon-
ductor device described in the foregoing embodiment to an
electronic component and to an electronic device including
the electronic component will be described with reference to
FIGS. 14A and 14B and FIGS. 15A to 15E.
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FIG. 14A shows an example where the semiconductor
device described in the foregoing embodiment is used to
make an electronic component. Note that an electronic com-
ponent is also referred to as semiconductor package or IC
package. For the electronic component, there are various
standards and names corresponding to the direction of termi-
nals or the shape of terminals; hence, one example of the
electronic component will be described in this embodiment.

A semiconductor device including the transistors illus-
trated in FIG. 13 of Embodiment 4 is completed by integrat-
ing detachable components on a printed circuit board through
the assembly process (post-process).

The post-process can be completed through steps shown in
FIG. 14A. Specifically, after an element substrate obtained in
the wafer process is completed (Step S1), aback surface of the
substrate is ground (Step S2). The substrate is thinned in this
step to reduce warpage or the like of the substrate in the wafer
process and to reduce the size of the component itself.

A dicing step of grinding the back surface of the substrate
to separate the substrate into a plurality of chips is performed.
Then, a die bonding step of individually picking up separate
chips to be mounted on and bonded to a lead frame is per-
formed (Step S3). To bond a chip and a lead frame in the die
bonding step, resin bonding, tape-automated bonding, or the
like is selected as appropriate depending on products. Note
that in the die bonding step, a chip may be mounted on and
bonded to an interposer.

Next, wire bonding for electrically connecting a lead of the
lead frame and an electrode on a chip through a metal wire is
performed (Step S4). As a metal wire, a silver wire or a gold
wire can be used. For wire bonding, ball bonding or wedge
bonding can be employed.

A wire-bonded chip is subjected to a molding step of seal-
ing the chip with an epoxy resin or the like (Step S5). With the
molding step, the inside of the electronic component is filled
with a resin, so that the circuit portion and the wire embedded
in the component can be protected from external mechanical
force and deterioration of characteristics due to moisture or
dust can be reduced.

Subsequently, the lead of the lead frame is plated. Then, the
lead is cut and processed into a predetermined shape (Step
S6). With the plating process, corrosion of the lead can be
prevented, and soldering for mounting the electronic compo-
nent on a printed circuit board in a later step can be performed
with higher reliability.

Next, printing process (marking) is performed on a surface
of'the package (Step S7). Then, through a final test step (Step
S8), the electronic component is completed (Step S9).

Since the electronic component described above includes
the semiconductor device of the foregoing embodiment, it is
possible to obtain an electronic component including the
semiconductor device that excels in charge retention charac-
teristics and can be subjected to data reading through the Si
transistor even if leakage current due to downsizing of the Si
transistor occurs. The electronic component has excellent
data retention characteristics and high data read speed
because it includes the semiconductor device of the foregoing
embodiment.

FIG. 14B is a perspective schematic diagram of a com-
pleted electronic component. FIG. 14B shows a perspective
schematic diagram of a quad flat package (QFP) as an
example of the electronic component. An electronic compo-
nent 700 illustrated in FIG. 14B includes a lead 701 and a
semiconductor device 703. The electronic component 700 in
FIG. 14B is, for example, mounted on a printed circuit board
702. A plurality of electronic components 700 are used in
combination and electrically connected to each other over the
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printed wiring board 702; thus, a substrate on which the
electronic components are mounted (a circuit board 704) is
completed. The completed circuit board 704 is provided in an
electronic device or the like.

Next, the description is made on applications of the above
electronic component to electronic devices such as a com-
puter, a portable information appliance (including a mobile
phone, a portable game machine, and an audio reproducing
device), electronic paper, a television device (also referred to
as television or television receiver), and a digital video cam-
era.

FIG. 15A illustrates a portable information appliance that
includes a housing 901, a housing 902, a first display portion
903a, a second display portion 9035, and the like. At least one
of'the housings 901 and 902 includes the circuit board includ-
ing the semiconductor device of the foregoing embodiment.
Thus, it is possible to obtain a portable information appliance
with excellent charge retention characteristics and high data
read speed.

Note that the first display portion 903« is a panel having a
touch input function, and for example, as illustrated in the left
of FIG. 15A, which of “touch input” and “keyboard input™ is
performed can be selected by a selection button 904 displayed
on the first display portion 903a. Since selection buttons with
avariety of sizes can be displayed, the information appliance
can be easily used by people of any generation. For example,
when “keyboard input” is selected, a keyboard 905 is dis-
played on the first display portion 903a as illustrated in the
right of FIG. 15A. Thus, letters can be input quickly by key
input as in the case of using a conventional information appli-
ance, for example.

One ofthe first display portion 903¢ and the second display
portion 9035 can be detached from the portable information
appliance as shown in the right of FIG. 15A. Providing the
second display portion 9036 with a touch input function
makes the information appliance convenient to carry because
the weight can be further reduced and the information appli-
ance can operate with one hand while the other hand supports
the housing 902.

The portable information appliance in FIG. 15A can be
equipped with a function of displaying a variety of informa-
tion (e.g., a still image, a moving image, and a text image); a
function of displaying a calendar, a date, the time, or the like
on the display portion; a function of operating or editing
information displayed on the display portion; a function of
controlling processing by various kinds of software (pro-
grams); and the like. Furthermore, an external connection
terminal (e.g., an earphone terminal or a USB terminal), a
recording medium insertion portion, and the like may be
provided on the back surface or the side surface of the hous-
ing.

The portable information appliance illustrated in FIG. 15A
may transmit and receive data wirelessly. Through wireless
communication, desired book data or the like can be pur-
chased and downloaded from an e-book server.

In addition, the housing 902 illustrated in FIG. 15A may be
equipped with an antenna, a microphone function, or a wire-
less communication function to be used as a mobile phone.

FIG. 15B illustrates an e-book reader in which electronic
paper is incorporated. The e-book reader has two housings of
a housing 911 and a housing 912. The housing 911 and the
housing 912 are provided with a display portion 913 and a
display portion 914, respectively. The housings 911 and 912
are connected by a hinge 915 and can be opened or closed
with the hinge 915 as an axis. The housing 911 is provided
with a power switch 916, an operation key 917, a speaker 918,
and the like. The circuit board including the semiconductor
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device of the foregoing embodiment is provided in at least one
of the housings 911 and 912. Consequently, it is possible to
obtain an e-book reader with excellent charge retention char-
acteristics and high data read speed.

FIG. 15C illustrates a television device including a housing
921, a display portion 922, a stand 923, and the like. The
television device can operate with a switch ofthe housing 921
and a separate remote controller 924. The circuit board
including the semiconductor device of the foregoing embodi-
ment is mounted on the housings 921 and the remote control-
ler 924. Thus, it is possible to obtain a television with excel-
lent charge retention characteristics and high data read speed.

FIG. 15D illustrates a smartphone in which a main body
930 is provided with a display portion 931, a speaker 932, a
microphone 933, an operation key 934, and the like. The
circuit board including the semiconductor device of the fore-
going embodiment is provided in the main body 930. Thus, it
is possible to obtain a smartphone with excellent charge
retention characteristics and high data read speed.

FIG. 15E illustrates a digital camera including a main body
941, a display portion 942, an operation switch 943, and the
like. The circuit board including the semiconductor device of
the foregoing embodiment is provided in the main body 941.
Thus, it is possible to obtain a digital camera with excellent
charge retention characteristics and high data read speed.

As described above, the electronic devices shown in this
embodiment incorporate the circuit board including the semi-
conductor device of the foregoing embodiment, thereby hav-
ing excellent charge retention characteristics and high data
read speed.

This application is based on Japanese Patent Application
serial No. 2013-148280 filed with Japan Patent Office on Jul.
17,2013, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A semiconductor device comprising a memory element
comprising:

a first transistor; a second transistor; a third transistor; a
first capacitor; a second capacitor; a first line; a second
line; a third line; a fourth line; and a fifth line,

wherein:

one of a source and a drain of the first transistor is electri-
cally connected to the first line;

the other of the source and the drain of the first transistor is
electrically connected to a gate of the second transistor
and one electrode of the first capacitor;

a gate of the first transistor is electrically connected to the
second line;

one of a source and a drain of the second transistor is
electrically connected to the third line;

the other of the source and the drain of'the second transistor
is electrically connected to one of a source and a drain of
the third transistor and one electrode of the second
capacitor;

the other of the source and the drain of the third transistor
is electrically connected to the fourth line;

a gate of the third transistor is electrically connected to the
fifth line; and

a channel formation region of the first transistor includes an
oxide semiconductor,

wherein a thickness of a gate insulating layer of the second
transistor is larger than a thickness of a gate insulating
layer of the third transistor.

2. The semiconductor device according to claim 1,

wherein:

the one electrode of the first capacitor and the one electrode
of the second capacitor are located in a same plane; and
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the other electrode of the first capacitor and the other elec-
trode ofthe second capacitor are located in a same plane.

3. The semiconductor device according to claim 1,
wherein:

a channel formation region of the second transistor

includes silicon; and

the channel formation region of the second transistor and a
channel formation region of the third transistor are
located in different planes.

4. The semiconductor device according to claim 1, wherein

a channel formation region of the second transistor includes
an oxide semiconductor.

5. The semiconductor device according to claim 1, wherein
the channel formation region of the first transistor and a
channel formation region of the second transistor are located
in a same plane.

6. The semiconductor device according to claim 1,
wherein:

the other electrode of the first capacitor is electrically con-
nected to a ground line; and

the other electrode of the second capacitor is electrically
connected to the ground line.

7. The semiconductor device according to claim 1,

wherein:

the first line is a data line;

the second line is a write selection line;

the third line is configured to be supplied with a constant
potential;

the fourth line is a read data line; and

the fifth line is a read selection line.

8. The semiconductor device according to claim 1, wherein
a channel formation region of the second transistor includes
silicon.

9. The semiconductor device according to claim 1, wherein
a channel formation region of the third transistor includes
silicon.

10. A semiconductor device comprising:

a first transistor; a second transistor; a third transistor; a
first capacitor; a second capacitor; a first line; a second
line; a third line; a fourth line; and a fifth line,

wherein:

one of a source and a drain of the first transistor is electri-
cally connected to the first line;

the other of the source and the drain of the first transistor is
electrically connected to a gate of the second transistor
and one electrode of the first capacitor;

a gate of the first transistor is electrically connected to the
second line;

one of a source and a drain of the second transistor is
electrically connected to the third line;

the other of the source and the drain of the second transistor
is electrically connected to one of a source and a drain of
the third transistor and one electrode of the second
capacitor;

the other of the source and the drain of the third transistor
is electrically connected to the fourth line;

a gate of the third transistor is electrically connected to the
fifth line;

achannel formation region of the first transistor includes an
oxide semiconductor;

the other electrode of the first capacitor is electrically con-
nected to a ground line;

the other electrode of the second capacitor is electrically
connected to the ground line;

the first line is a data line;

the second line is a write selection line;
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the third line is configured to be supplied with a constant
potential;

the fourth line is a read data line;

the fifth line is a read selection line;

a channel formation region of the third transistor includes
single crystal silicon; and

a thickness of a gate insulating layer of the second transis-
tor is larger than a thickness of a gate insulating layer of
the third transistor.

11. The semiconductor device according to claim 10,

wherein:

the one electrode of the first capacitor and the one electrode
of the second capacitor are located in a same plane; and

the other electrode of the first capacitor and the other elec-
trode ofthe second capacitor are located in a same plane.

12. The semiconductor device according to claim 10,

wherein:

a channel formation region of the second transistor
includes silicon; and

the channel formation region of the second transistor and
the channel formation region of the third transistor are
located in different planes.

13. The semiconductor device according to claim 10,
wherein a channel formation region of the second transistor
includes an oxide semiconductor.

14. The semiconductor device according to claim 10,
wherein the channel formation region of the first transistor
and a channel formation region of the second transistor are
located in a same plane.

15. The semiconductor device according to claim 10,
wherein a channel formation region of the second transistor
includes silicon.

16. A method for driving a semiconductor device compris-
ing:

a first transistor; a second transistor; a third transistor; a
first node; a second node; a first line; and a read data line,
wherein the first node is electrically connected to one of
asource and a drain of the first transistor and a gate of the
second transistor, the second node is electrically con-
nected to one of a source and a drain of the second
transistor and one of a source and a drain of the third
transistor, the first line is electrically connected to the
other of the source and the drain of the second transistor,
the read data line is electrically connected to the other of
the source and the drain of the third transistor, and a
potential is supplied to the first line, the method com-
prising the steps of:

turning on the first transistor so as to write data in the first
node;

turning off the first transistor so as to store the data in the
first node;

holding a reading potential in the second node, wherein a
level of the reading potential is controlled by the data
that controls a conduction state of the second transistor;

turning on the third transistor so as to electrically connect
the second node and the read data line that is in an
electrically floating state, thereby reading a first poten-
tial of the read data line, the first potential being changed
by the reading potential; and

turning off the third transistor so as to restore the reading
potential in the second node in accordance with the data
in the first node.

17. The method for driving a semiconductor device,
according to claim 16, wherein the reading potential is sup-
plied to the second node via the second transistor and the third
transistor.
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18. The method for driving a semiconductor device,
according to claim 16, wherein the read data line being in the
electrically floating state has a second potential that is lower
than the reading potential.
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